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Phagocytosis  by  polymorphonuclear  leukocytes 
(PMN) is accompanied by specific morphological 
and  metabolic  events  which  may  result  in  the 
killing of internalized micro-organisms. Hydrogen 
peroxide is produced in increased amounts during 
phagocytosis (17) and in combination with myelo- 
peroxidase  and  halide  ions  constitutes  a  potent, 
microbicidal mechanism  (8,  9,  11). There can  be 
direct iodination of micro-organisms (10), or alter- 
natively, other intermediate reaction products, i.e. 
chloramines and  aldehydes (21),  can  exert  a  mi- 
crobicidal effect. The H~O2-peroxidase-halide sys- 
tem  is presumed to operate within the phagocytic 
vacuole (12,  18). Myeloperoxidase, present in  the 
primary granules of PMN,  enters the phagocytic 
vacuole during degranulation (1, 4,  7),  and halide 
ions  are  probably derived  from  the  extracellular 
medium  or are present in  the  PMN  (see  I1,  18). 
For the operation of this system in intact cells, the 
presence  of  H~O2  in  the  phagocytic  vacuole  is 
necessary, and  indeed this has been  suggested by 
the  work  of several investigators (12,  18,  21).  In 
the  present  investigation,  the  diaminobenzidine 
reaction of Graham  and  Karnovsky (5),  modified 
to utilize endogenous myeloperoxidase and hydro- 
gen  peroxide,  has  been  applied  to  actively  pha- 
gocytizing  PMN  to  demonstrate  cytochemically 
the presence of H20~ in the phagocytic vacuole. 
MATERIALS  AND  METHODS 
Isolation  and Preparation of PMN 
A majority of these experiments  were performed  on 
human  polymorphonuclear  leukocytes  isolated  by  a 
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slip was flooded with blood from a pricked finger, placed 
in a moist chamber, allowed  to stand at room tempera- 
ture for 5 rain,  and then incubated  at 37~  for 30 rain. 
The  blood  clot  and  erythrocytes were rinsed  from the 
cover slip  with  Hanks'  balanced  salt  solution  (Hanks' 
BSS)  (Microbiological  Associates,  Inc.,  Bethesda, 
Md.),  pH  7.4,  at  4~  leaving  numerous  PMN  and  a 
few  monocytes  and  eosinophils  attached  to  the  glass 
surface.  Additional  experiments  were  performed  on 
suspensions  of PMN  isolated  from  rat  and  guinea pig 
peripheral  blood  by  Dextran  sedimentation,  and  on 
guinea  pig peritoneal exudate  cells  produced  by  injec- 
tions  of sterile 0.9%  NaCI.  All cell preparations  were 
washed  twice with  Hanks'  BSS before use. 
Preparation of Particles for Ingestion 
Polystyrene  spherules  (PS)  (1.l-ttm  diameter,  Dow 
Chemical  Company,  Midland,  Mich.)  were  dialyzed 
extensively  against  twice-distilled  H20  and  diluted  to 
2.5% of the  original concentration  with  saline.  Starch 
particles were prepared from A  maranthus caudatus seeds 
(14).  Zymosan (Nutritional  Biochemicals Corp., Cleve- 
land,  Ohio)  was  boiled  10  min  in saline,  washed  three 
times in saline,  and  opsonized  by incubation  in autolo- 
gous  serum  for  30  min  at  37~  (10  mg/ml  serum). 
Particles  were  washed  twice  with  Hanks'  BSS  and 
resuspended  in Hanks'  BSS (5 mg/ml). 
Phagocytosis and Cytochemistry 
The  cytochemical  localization of H20~  was  accom- 
plished  by using a modification of the diaminobenzidine 
(DAB) technique (5) designed  originally for the localiza- 
tion of peroxidase. The incubation medium contained 0.5 
mg  DAB  (3,Y-diaminobenzidine  tetrahydrochloride 
dihydrate, Aldrich Chemical Co., Inc., Milwaukee, Wis.) 
per ml of Hanks' BSS with additional glucose (I mg/ml). 
Particles  were  included  in  excess  over  cells  in  the 
incubation medium at a final concentration of: PS, 1:20 
dilution of the 2.5% stock; Zymosan,  1:10 dilution of the 
5 mg/ml stock; starch, 0.3  mg/ml. The final pH of the 
medium  was  adjusted  to  7.3. Cover  slip  preparations 
were flooded with 0.5 ml of the medium and incubated  at 
37~  in a moist chamber for 20 min. In one experiment, 
cells  were  incubated  in  the  DAB medium  for  10  min, 
washed  with Hanks' BSS, and reincubated for 10 min in 
Hanks'  BSS  plus  glucose.  Cells  in  suspension  were 
adjusted  to a final concentration of 2  2.7  ￿  l0  s cells/ml 
of  incubation  medium  and  maintained  at  37~  with 
constant, gentle agitation for 20 rain. 
Controls 
Controls consisted  of omission of DAB or the particles 
from the incubation medium, or the inclusion  of 2 mM 
KCN,  10  mM  3-amino-I,  2,  4,-triazole,  or  0.2  mM 
sodium  azide  in  the  incubation  medium.  When  an 
inhibitor was used, the cell preparation was preincubated 
for  10 min at  38~  with  the inhibitor in  Hanks'  BSS, 
drained, and  reincubated in the test medium containing 
the inhibitor. 
Postincubation Processing 
After incubation,  cells were washed  several times with 
Hanks'  BSS  at  4~  Fixation  was  performed  in  2% 
glutaraldehyde (EM Grade, Polysciences,  Inc., Warring- 
ton,  Pa.)  in 0.1  M  cacodylate buffer, pH  7.3,  with 5% 
sucrose  at 4~  for 60 min. Cells were washed  overnight 
in the same buffer at 4~  postfixed for 1 h at 4~  in 2% 
OsO4  in 0.1  M  cacoclylate  buffer with 5% sucrose,  pH 
7.3,  dehydrated  in  graded  ethanols,  and  embedded  in 
Epon 812 (13). 
Thin  sections  prepared  with  an  LKB  microtome 
equipped  with  a  diamond  knife  were  examined  either 
unstained  or  after  staining  with  4%  aqueous  uranyl 
acetate and alkaline lead (24) (3 and 4 rain, respectively). 
Material was examined in a Philips  200 electron micro- 
scope operated at 60 kV. 
RESULTS  AND  DISCUSSION 
The technique used in this investigation was origi- 
nally  designed  for the  ultrastructural  localization 
of the peroxidase enzyme which, in the presence of 
exogenously supplied  H~O~,  oxidizes  DAB to  an 
insoluble, osmiophilic polymer, easily visualized in 
the  electron  microscope.  As  applied  here,  only 
DAB  is  supplied,  and  the  generation  of reaction 
product depends upon the presence of endogenous 
enzyme  and  H202.  Myeloperoxidase,  present  in 
the  primary  granules  of PMN,  is discharged  into 
the  phagosome  (1,  4,  7);  hence,  the deposition  of 
oxidized DAB-reaction product is indicative of the 
presence of endogenous HzO2. Live, unfixed PMN 
were  used  in  all experiments  and  were  incubated 
under  relatively physiological conditions  (Hanks' 
BSS, pH  7.3,  37~  which allowed for apparently 
normal production of H~O2 and delivery of myelo- 
peroxidase  to  the  phagosome.  Exposure  to  parti- 
cles and  to  DAB simultaneously  permitted  entry 
of  DAB  into  the  phagosome.  This  compound, 
which  has  a  slight  positive  charge,  presumably 
binds  to polystyrene  particles which have a  nega- 
tive  surface  charge  at  physiological  pH  (23).  In 
addition, a very small amount of medium contain- 
ing  DAB  is  probably  ingested  with  the  particles 
(3). 
Examination  of  PMN  exposed  to  DAB  and  a 
phagocytizable  particle  revealed  the  presence  of 
electron-dense reaction product within the phago- 
cytic  vacuole (Fig.  1);  such  material  is  absent  in 
control  preparations  (Fig.  2),  The  origin  of  the 
PMN (guinea pig, rat, or human peripheral blood, 
BalEr  NOTES  255 FIGURE  1  PMN from guinea pig exudate exposed to polystyrene (PS) and diaminobenzidine  for 20 min. 
Oxidized  DAB is present in the phagocytic  vacuole (arrowhead)  between the phagosomal membrane and 
the particle.  (The  polystyrene  is partially extracted  during preparation for electron  microscopy).  Addi- 
tional reaction  product  is found in occasional small vesicles (V) and adsorbed  on to the surface  of the 
cell (*). Large deposits  of glycogen (G) and numerous, dark-staining granules (g) are other notable fea- 
tures.  These granules (g) are not peroxide-positive,  for control preparations (without  DAB) have similar 
staining properties  (see Fig. 2). ￿  19,400. 
or guinea pig peritoneal exudate), and the type of 
particle (polystyrene, starch,  or opsonized Zymo- 
san), did  not alter  the  results, although  more  re- 
action  product  was  found  with  PS,  presumably 
because  more  DAB  was  taken  in due  to  surface 
binding. Reaction product was located in the space 
between  the  particle  and  the  membrane  of  the 
phagocytic  vacuole,  and  deposits  frequently  ap- 
peared to be focused in one or two regions, perhaps 
indicating the point of fusion of primary granules 
and the phagocytic vacuole (Fig. 3). Occasionally, 
reaction  product  was  more  evenly  distributed 
around the particle. Additionally, negative phago- 
cytic vacuoles were found, presumably because the 
plane of the section did not pass through the locale 
of the  reaction  site  or  because  the  H202  and/or 
2~  BRIEF  NOTES FIGURE  2  Control preparation of guinea  pig exudate PMN allowed  to phagocytize polystyrene (PS) in 
the absence of DAB. Note that the phagocytic vacuole  lacks  material comparable in e~ectron density to 
oxidized  DAB.  ￿  44,400, 
FIGURE  3  Portion of guinea pig PMN cytoplasm showing a typical  focal deposit of reaction product in 
the phagocytic vacuole.  This may represent the site  of primary granule fusion and hence the site of the 
myeloperoxidase acting on endogenous H20~. Experimental conditions as for Fig.  1.  x  55,400. myeloperoxidase had  not yet entered the  phago- 
cytic  vacuole.  The  absence  of  myeloperoxidase- 
dependent  reaction  product  in  some  phagocytic 
vacuoles has been previously noted by Bainton (2). 
Oxidized DAB was also observed within mem- 
brane-limited channels connecting the phagocytic 
vacuole with the surface of the cell (Fig. 4), as well 
as in cytoplasmic vesicles (Fig. 1) and adsorbed to 
the outside of the plasma membrane (Fig. 5). The 
source of these deposits has not been completely 
defined. The technique does not permit discrimina- 
tion between leakage of oxidized DAB and leakage 
of myeloperoxidase and H202 from incompletely 
closed  phagocytic  vacuoles.  It  has  been  shown 
biochemically  (1)  and  cytochemically  (7)  that 
peroxidase is  released from  phagocytizing PMN, 
as  is hydrogen peroxide (17,  19), so it is conceiv- 
able  that  reaction  product  can  form  extracellu- 
larly.  The  presence  of  reaction  product  in  the 
vesicles might be attributed to internalization after 
surface  adsorption.  This  is  suggested  by experi- 
ments in which  PMN are briefly (10 rain) exposed 
to PS and DAB, washed well, and then reincubated 
in Hanks' BSS  for  10 min. The washing step was 
included in the  sequence to  remove extracellular 
DAB,  PS,  peroxidase,  and  oxidized  DAB  and 
resulted in an obvious reduction of adsorbed and 
vesicular reaction product. However, in this exper- 
iment there was no diminution of reaction product 
in phagocytic vacuoles, indicating that such  reac- 
tion product was generated in situ and not carried 
in  with  the  particles.  Furthermore,  extracellular 
reaction  product  does  not  appear  to  stick  to 
uningested  or  partially  ingested  particles.  The 
FIGURE 4  Portion  of guinea pig  PMN  cytoplasm taken  after  a  20-rain exposure to  DAB and  PS. 
Incomplete closure of the phagocytic vacuole resulting in a surface-connected channel is shown. The 
presence of reaction product within this channel implies a  leakage of myeloperoxidase and  H20~, or 
possibly reaction product, from the phagocytic vacuole. ￿  46,000. 
FIGURE 5  Extracellular reaction product (due to leakage from incompletely  closed phagocytic vacuoles) 
is absorbed on to the plasma membrane where reinternalization may occur. Specimen preparation as for 
Fig. I.  x 47,100. 
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stained (Figs.  1 and 3), but this density is not due 
to the presence of reaction product because gran- 
ules in control preparations (Fig. 2) show  similar 
staining properties.  Either H20~ or,  more proba- 
bly, DAB fails to reach the granules. 
PMN  allowed to ingest particles alone did not 
contain material in the  phagocytic vacuoles that 
was comparable in density to oxidized DAB (Fig. 
2), nor did cells appear to take up or oxidize DAB 
in the absence of particles, inhibitors of myeloper- 
oxidase  activity,  azide,  aminotriazole,  and  cya- 
nide,  blocked  the  formation of intracellular and 
extracellular reaction product, indicating the  role 
of the enzyme in the  reaction, lnhibitors did not 
appear to  interfere substantially with phagocyto- 
sis. 
Since hydrogen  peroxide  acts  as  the  substrate 
for myeloperoxidase in the oxidation of diamino- 
benzidine, these  observations provide  direct  evi- 
dence for the presence of hydrogen peroxide in the 
phagocytic  vacuole.  This  is  in  keeping  with  its 
proposed role in the oxidative microbicidal activity 
of the PMN (11) and supports the observations (9) 
which  indicate the  need for close  temporal prox- 
imity  of  the  reactants  of  the  myeloperoxidase- 
H~O:iodide  system  to  the  micro-organisms for 
effective microbicidal activity. The investigations 
of  Root  and  Stossel  (18)  on  myeloperoxidase- 
mediated iodination have also implied the presence 
of H~O2 in phagocytic vacuoles. 
Hydrogen peroxide synthesis in polymorphonu- 
clear  leukocytes  depends  upon  oxidation  of  re- 
duced  pyridine nucleotide(s) (NADH  oxidase  [7] 
or NADPH oxidase [20]). The resulting hydrogen 
peroxide  accumulates in the  phagocytic vacuole. 
Due  to  the  diffusibility  of  hydrogen  peroxide 
within  the  cells  and  the  required  presence  of 
myeloperoxidase to produce the cytochemical re- 
action product,  the  results presented here do not 
necessarily imply that peroxide is generated within 
the  phagocytic  vacuole.  The  site  of synthesis of 
hydrogen peroxide  is  problematic. NADPH  oxi- 
dase  appears  to  be  associated  with  a  granule 
fraction of PMN (16), while the subcellular locali- 
zation of NADH  oxidase remains unclear. Some 
investigators have implied that the plasma mem- 
brane,  which  ultimately  forms  the  phagosome 
membrane, regulates peroxide production (19, 20), 
is the site of peroxide production (18, 22), or is the 
site of a reduced pyridine nucleotide oxidase (15). 
Research  is  currently  underway  to  determine, 
cytochemically and biochemically, the location of 
NAD(P)H oxidase and the involvement of plasma 
and phagosome membrane in hydrogen peroxide 
production. 
SUMMARY 
The  presence  of  hydrogen  peroxide  within  the 
phagocytic vacuole of polymorphonuclear leuko- 
cytes has been demonstrated by application of the 
diaminobenzidine technique,  modified  to  utilize 
endogenous myeloperoxidase and peroxide. 
The authors wish to acknowledge  the excellent technical 
assistance of Ms. Janet Libertoff. 
This  research was  supported by grants  GM-01235, 
HL-09125, and AI-03260 from the National  Institutes 
of Health, United States Public Health Service. 
Received for publication  30 July  1974,  and in revised 
form 23 September 1974. 
REFERENCES 
I.  BAEHNER, R.  L.,  M.  J.  KARNOVSKY, and  M.  L. 
KARNOVSKY. 1969. Degranulation of leukocytes in 
chronic  granulomatous  disease.  J.  Clin.  Invest. 
4B:187-192. 
2.  BAINTON, D.  F.  1973. Sequential degranulation of 
the two types of polymorphonuclear leukocyte gran- 
ules during phagocytosis of micro-organisms.  J. Cell 
Biol. 58:249-264. 
3.  BERGER, R.  R.,  and  M.  L.  KAR.~OVSKV. 1966. 
Biochemical basis of  phagocytosis. V.  Effect of 
pbagocytosis on  cellular  uptake  of  extracellular 
fluid, and on the intracellular pool of L-~-glycero- 
phosphate. Fed. Proc. 25:840-845. 
4.  COH~,  Z. A., and J. G. HXRSCrL 1960. The influence 
of phagocytosis on the intracellular distribution of 
granule-associated components  of  polymorphonu- 
clear leucocytes.  J. Exp. Med.  112:1015-1022. 
5.  GRAHAM, R. C., JR., and M. J. KARNOVSKY. 1966. 
/he early stages of absorption of injected horserad- 
ish  peroxidase in the  proximal tubules  of mouse 
kidney: ultrastructural cytochemistry by a new tech- 
nique. J. Histochem.  Cytochem.  14:291-302. 
6.  HARRIS, H.  1953. Chemotaxis of granulocytes. J. 
Pathol. Bacteriol. 66:135  146. 
7.  KARNOVSKh,  M.  L.,  S.  SIMMONS.,  M.  J. 
KARNOVSKY, J.  NOSEWORTHY, and  E.  A.  GLASS. 
1972. Comparative studies on the metabolic basis of 
bactericidal  activity  in  leukocytes. In  Phagocytic 
Mechanisms in Health and Disease. R. C. Williams, 
Jr.,  and H. H. Fudenberg, editors. Intercontinental 
Medical Books Corporation, New York. 67-82. 
8.  KLeBANOFV, S.  J.  1967. lodination of bacteria:  a 
BRIEF NOTES  259 bactericidal  mechanism.  J.  Exp.  Med. 
126:1063-1078. 
9.  KLEBANOFE,  S.  J.  1968. Myeloperoxidase-halide- 
hydrogen peroxide antibacterial system. J. Bacteriol. 
95:2131  2138. 
10.  KLEBANOFF, S.  J.  1970. Myeloperoxidase-mediated 
antimicrobial  systems and  their  role  in  leukocyte 
function. In Biochemistry  of the Phagocytic Process. 
J.  Schultz, editor. North-Holland Publishing  Com- 
pany,  Amsterdam. 89  110. 
1  I.  KLEBANOFE,  S. J.  1971. Intraleukocytic microbicidal 
defects. Annu. Rev. Med. 22:39-62. 
12.  KLEBANOFE, S. J., and C. B. HAMON. 1972. Role of 
myeloperoxidase-mediated antimicrobial systems in 
intact  leukocytes.  J.  Reticuloendothel.  Soc. 
12:170  196. 
13.  LUET,  J.  H.  1961. Improvements in  epoxy  resin 
embedding methods. J.  Biophys.  Biochem.  Cytol. 
9:409  414. 
14.  MACMAS/t~RS, M.  M.,  P.  D.  BAIRD, M.  M. 
HOLZAPPEL, and C.  E.  RIST. 1955. Preparation of 
starch from Amaranthus  cruentus  seed.  Econ.  Bot. 
9:300- 302. 
15.  NATHAN, D.  G.  1974. NBT  reduction  by  human 
phagocytes. N. Engl. J. Med. 290:280  281. 
16.  PATRIARCHA,  R., R. fRAMER,  P. DRI, L. FAXT, R. E. 
BASFORD, and  F.  RossL  1973. NADPH  oxidizing. 
activity  in  rabbit  polymorphonuclear  leukocytes: 
localization  in  azurophilic granules.  Biochem.  Bio- 
phys.  Res. Commun. 53:830  837, 
17.  PAUl., B., and A. J. SBARRA. 1968. The role of the 
phagocyte in  host-parasite interactions. XIil.  The 
direct quantitative estimation of H~O2 in phagocy- 
tizing cells. Biochim.  Biophys.  Acta.  156:168  172. 
18.  ROOT, R. K. and T. P. STOSSEL. 1974. Myeloperoxi- 
dase-mediated iodination by granulocytes. Intracel- 
lular site of operation and some regulating  factors. J. 
Clin.  Invest.  53:1207  1215. 
19.  ROOT, R.  K.,  N.  OsHINO, and  B.  CHANCE. 1973. 
Determinants of H202  release  by  human  granulo- 
cytes (PMN). Clin. Res. 21:970 (Abstr.). 
20.  Rossz,  R.,  D.  ROMEO, and  P.  PATRIARCIIA. 1972. 
Mechanism  of  phagocytosis-associated  oxidative 
metabolism  in  polymorphonuclear leukocytes  and 
macrophages.  J. Reticuloendothel.  Soc. 12:127  149. 
21.  SBARRA, A.  J.,  B.  B.  PAUL, A.  A.  JACOI~S, R.  R. 
STRAUSS, and G. W. MtTcttELL, JR. 1972. Biochemi- 
cal aspects of phagocytic cells as related  to bacteri- 
cidal function. J. Reticuloendothel.  Soc, I 1:492- 502. 
22,  STOSSEL,  T. P.  1974. Phagocytosis. N. Engl. J. Med. 
290:774  780. 
23.  STOSSEE, T.  P., R. J. MASON, J.  HARTWIG, and M, 
VAUGHAN. 1972. Quantitative studies  of phagocyto- 
sis  by polymorphonuclear leukocytes:  use of emul- 
sions to measure the initial  rate of phagocytosis. J. 
Clin.  Invest.  51:615 624. 
24.  VENABLE,  J.  H.,  and  R.  COGGESttALL. 1965.  A 
simplified  lead  citrate  stain  for  use  in  electron 
microscopy. J.  Cell Biol. 25:407 408. 
260  THE JOURNAl. t)F CELt. BIOLOG',  ￿9 VOt.U~'H: 64. 1975  ￿9 pages 260-265 